Obesity has been shown to create stress in the endoplasmic reticulum (ER), and that initiates 26 the activation of the unfolded protein response (UPR). This has been reported to cause insulin 27 resistance in selective tissues through activation of the inositol-requiring enzyme 1α (IRE1α)-c-28
Introduction 46
The unfolded protein response (UPR) is at the center of critical molecular mechanisms 47 allowing cells to respond to stress imposed on the endoplasmic reticulum (ER). The UPR 48 involves activation of three distinct ER resident transmembrane stress sensors: inositol-requiring 49 enzyme 1α (IRE1α), activating transcription factor 6 (ATF6) and PKR-like ER stress kinase 50 (PERK). IRE1α, a ser/thr protein kinase with endonuclease activity, propagates stress signals 51 from the ER by initiating the unconventional splicing of the X-box binding protein 1 (XBP1) 52 mRNA to produce the active transcriptional regulator XBP1s (8, 24, 43) , degrading specific 53 mRNAs (18) and in parallel, activating the c-Jun N-terminal kinase (JNK) (40). ATF6, a 54 transcriptional regulator, is activated following ER stress through its translocation and cleavage 55 in the Golgi (36, 37) . PERK, a ser/thr protein kinase, attenuates general translation through 56 phosphorylation of the α-subunit of eukaryotic initiation factor 2 (eIF2) at Ser 51 , and 57 simultaneously activates a transcriptional program through enhanced translation of the activating 58 transcription factor 4 (ATF4) (16). All together, through signaling pathways triggered following 59 activation of these ER sensors, the UPR upregulates expression of ER chaperones and enzymes 60 involved in protein folding, lipid biosynthesis and misfolded protein degradation to increase the 61 protein folding and processing capacity of the ER, thereby alleviating stress. 62 63 Recent studies have linked activation of the UPR with obesity-induced insulin resistance and 64 type 2 diabetes (28, 33, 34, 44) . In fact, in genetic and dietary mouse models of obesity 65 characterized by glucose intolerance and peripheral insulin resistance, liver and adipose tissue 66 display signs of ER stress (33). In these tissues, hyperactivation of IRE1α was found to impair 67 insulin signaling and mediate insulin resistance through IRE1α-JNK-induced direct 68 phosphorylation of the insulin receptor substrate-1 (IRS-1) at Ser 307 (33). Interestingly, activation 69 of ER stress pathways, including IRE1α-dependent JNK activation, has been also detected in 70 selected tissues of obese human subjects (5, 14, 35) . Strongly supporting a close relationship 71 between the UPR and development of insulin resistance in humans, markers of ER stress were 72 significantly reduced in insulin target tissues following weight loss, paralleling significant 73 improvement in insulin sensitivity (14) . 74 75 Nck (non-catalytic region of tyrosine kinase) adaptor proteins are primarily known to 76 mediate signaling from plasma membrane activated receptors to cytosolic effectors regulating 77 actin cytoskeleton remodeling (3). In mammals, Nck represents two highly related proteins 78 encoded by independent genes (9, 41), Nck1 and Nck2, which are composed of three N-terminal 79
Src homology 3 (SH3) domains followed by a C-terminal Src homology 2 (SH2) domain (7, 25) . 80
In mice, genetic deletion of individual Nck genes did not result in any significant phenotype, 81 whereas simultaneous deletion of both was embryonically lethal at day E9.5 (4). These data 82 strongly support the idea that while these adaptors appear functionally redundant, Nck is 83 essential for proper embryonic development. 84
85
In previous studies, we provided strong evidence of a functional role for Nck in stress-86 induced ER signaling. Indeed, we demonstrated that Nck adaptors are recovered in isolated ER 87 fractions from FR3T3 fibroblasts (20, 29) , colocalize with the cytoplasmic portion of calnexin at 88 the ER in Hela cells (22) and participate in the UPR by modulating PERK-and IRE1α-89 dependent signaling using various cell lines including rat FR3T3 fibroblasts, human Hela and 90 HEK293, and mouse embryonic fibroblasts (MEFs) lacking or not both Nck or rescued by 91 overexpression of Nck1 (20, 22, 29) . Given a close connection between hyperactivation of the 92 IRE1α-JNK pathway in the UPR and insulin resistance in vivo, we assessed in this study the 93 functional relevance of Nck1 in obesity-induced ER stress-mediated glucose intolerance and 94 insulin resistance in Nck1-deficient mice. were treated for 30 or 120 min with 1 µM thapsigargin (Sigma), or treated for 5 min with 10 or 110 100 nM insulin. Cells were then washed with ice-cold phosphate-buffered saline, and lysed using 111 lysis buffer (50 mM HEPES pH 7.5, 150 mM NaCl, 10% glycerol, 1% Triton X-100, 1.5 mM 112
MgCl 2 , 1 mM EGTA, 10 mM sodium pyrophosphate, 100 mM sodium fluoride, 1 mM sodium 113 orthovanadate, 10 mM β-glycerophosphate and proteases inhibitors). Following centrifugation at 114 13,000 g, total cell lysates (30-50 µg protein) were resolved by SDS-PAGE, transferred onto a 115 polyvinylidene difluoride (PVDF) membrane, and immunoblotted with indicated antibodies. 116
Enhanced chemiluminescence (ECL) was used according to the manufacturer's specifications 117 (Amersham, GE Healthcare, Piscataway, NJ, USA) to detect immunoreactive proteins. 118
Antibodies Phospho-IRE1α-Ser 724 and IRE1α antibodies were obtained from Novus Biologicals 119 (Littleton, Co, USA). Nck1 and Nck2 antibodies were generated in rabbits using glutathione 120 S-transferase (GST)-fusion proteins encoding human Nck isoform-specific amino acid sequences 121 between the third SH3 and the SH2 domains (Nck1:QNNPLTSGLEPSPPQC 122 DYIRPSLTGKFAGNP; Nck2: VLSDGPALHPAHAPQISYTGPSSSGRFAGRE). Pan-Nck 123 antibody has been previously described (21). PERK antibody is a rabbit polyclonal antibody 124 raised against a GST-PERK fusion protein encoding mouse PERK C-terminal (aa 537-1114). 125 eIF2β antibody is a rabbit polyclonal antibody raised against a GST-fusion protein encoding full 126 length mouse eIF2β. PEPCK antibody directed against the C-terminal region was purchased 127 from Cell Applications Inc, (San Diego, USA). Phospho-tyrosine (PY99) and Green Fluorescent 128
Protein (GFP) (B-2) antibodies were purchased from Santa Cruz Biotechnology (CA, USA). 129 β-Actin antibody (AC-74) was purchased from Sigma (Oakville, ON, Canada antibodies that recognized Nck1 or Nck2 with no cross reactivity in immunoblot assay (Fig. 1A) . 206
Using these antibodies to probe by immunoblotting equivalent amount of tissue protein samples, 207
we determined that Nck1 is highly expressed in kidneys, liver, skeletal muscle and total 208
pancreas, but to a lower extend in adipose tissue. Like Nck1, Nck2 is highly expressed in skeletal 209 muscle and total pancreas (Fig. 1B, Nck2 Short). However, in contrast to Nck1, Nck2 in kidneys 210 is only detected following long exposure of the immunoblot and still in this condition, is barely 211 detected in liver and adipose tissue, suggesting very low levels of Nck2 protein in these tissues 212 (Fig. 1B, Nck2 Long) . Interestingly, SDS-PAGE migration of Nck1 from skeletal muscle and 213 adipose tissue appears retarded and Nck2 from skeletal muscle often migrates as a doublet. The 214 reason behind this doublet is yet to be determined, but it could suggest different levels of Nck 215 phosphorylation in these tissues 216
217
To gain insight into a role for Nck in glucose homeostasis, we assessed whether variations in 218
Nck expression in insulin sensitive peripheral tissues occur in parallel with insulin resistance 219 associated with obesity. For this, we compared total Nck and Nck1 protein levels in liver, 220 adipose tissue and skeletal muscle in addition to Nck2 levels in skeletal muscle, between 221 wild-type mice fed a normal chow diet or a high fat diet for 18-20 weeks after weaning. 222
Normalization of Nck proteins expression levels according to loading controls appeared quite 223 difficult because we noticed that the expression of several proteins that could serve as loading 224 controls, including Akt, RasGAP and actin, all show important variations in expression levels 225 between the two diets in liver, adipose tissue and skeletal muscle (Fig. 2) . Therefore, Nck 226 expression levels in each tissue were analyzed assuming equal protein loading as determined by 227
Bio-Rad protein assay (Fig. 2) . In this manner, we determined that total Nck and Nck1 in liver 228 and adipose tissue did not vary between diets. In contrast, total Nck level in skeletal muscle was 229 significantly decreased in mice fed a high fat diet compared to normal chow diet fed mice. This 230 appears to result mainly from a marked reduction in levels of both Nck, but this was clearly 231 significant for Nck2. These results demonstrate that the development of diet-induced insulin 232 resistance only affects Nck expression in skeletal muscle (gastrocnemius). 233
234

Improved glucose homeostasis in obese mice lacking Nck1. Having observed that in contrast to 235
Nck2, Nck1 is highly expressed in all insulin target tissues tested, we assessed whether genetic 236 deficiency of Nck1 affects dietary influences on glucose disposal and insulin sensitivity by 237 comparing Nck1-deficient mice (Nck1 mice regarding fed and overnight fast blood glucose levels at 18 weeks after weaning, 246 and blood insulin levels at weaning (W0) and 18 weeks after weaning (W18) (Fig. 3B ). Glucose 247 disposal in response to acute glucose challenge in typical glucose tolerance test revealed slight 248 but significant glucose intolerance in lean Nck1 -/-mice compared to their wild-type counterparts, 249 as reflected by a significant increase in the calculated area under the curve (AUC 0-120min ) ( Fig.  250 3C, insert). However, there was no change in insulin sensitivity in both mice genotypes, as 251 evaluated by insulin tolerance tests (Fig. 3D ). On high fat diet, we observed comparable serum 252 insulin levels at 4 weeks of age before being fed on a high fat diet (W0) and 18 weeks following 253 high fat diet (W18) between wild-type and Nck1 -/-mice ( Fig. 3E ). But for both genotypes, insulin 254 levels increased tremendously in mice fed a high fat diet compared to similar mice kept on a 255 normal chow diet (Fig. 3B and 3E) . This is in agreement with pancreatic β-cell compensation 256 during high fat diet-induced insulin resistance. Likewise, after 18 weeks on a high fat diet, fed 257 blood glucose levels were similar between both groups (Fig. 3F ), but elevated compared to 258 reciprocal mice fed a normal chow diet (Fig. 3B ). In contrast, Nck1 -/-mice displayed significant 259 lower blood glucose levels than wild-type littermates after an overnight fast ( hepatic PEPCK protein compared to wild type mice kept on the same diet (Fig. 3K) . Overall, our 278 data reveal that deleting Nck1 is not detrimental for normal control of glucose homeostasis in 279 lean mice, while in obese mice, Nck1 contributes to impaired glucose homeostasis with only 280 moderate effect on whole body insulin sensitivity. 281
282
Mice lacking Nck1 are protected against obesity-induced activation of ER stress signaling. We 283 previously reported that Nck1 modulates ER stress signaling in cell culture (20, 22, 29) . 284
Knowing that excessive stress signaling from the ER has been associated with obesity (14, 33), 285
we examined the relative contribution of Nck1 to this process by comparing the levels of ER 286 stress markers in peripheral insulin target tissues in obese Nck1 -/-mice and wild-type littermates. 287
As reported by others (33), HFD-fed wild-type mice display activated ER stress signaling in liver 288 and adipose tissue compared to wild-type mice fed on a NCD (Fig 4A and B) , while no sign of 289 diet-induced ER stress was detected in skeletal muscle (gastrocnemius) of mice of both 290 genotypes (Fig. 4C) observed in liver of HFD-fed wild-type mice. On the other hand, increased phosphorylation of 296 eIF2α suggests PERK activation. Immunoblotting for PERK using an anti-PERK antibody raised 297 against the C-terminal segment of PERK encompassing its kinase domain, revealed an apparent 298 lower levels of PERK in liver of wild-type mice fed on a HFD compared to a NCD. However, as 299 reported by others (33), we believe that PERK expression levels did not change in liver of wild-300 type mice between diets. Although it is yet to be demonstrated, we propose that the apparent 301 decrease in PERK reflects rather lower affinity of the anti-PERK antibody used for the 302 phosphorylated/active than unphosphorylated/inactive PERK. None the less, increased 303 phosphorylation of eIF2α and JNK, in agreement with activation of IRE1α, strongly suggest 304 HFD-induced ER stress resulting in hyperactivation of the UPR in liver. Phosphorylation of 305 eIF2α and JNK activation were also markedly increased in adipose tissue of HFD-fed wild-type 306 mice compared to NCD-fed mice, suggesting activation of ER stress signaling in this tissue as 307 well (Fig. 4B) . In contrast, although Nck1 -/-mice fed on a HFD still displayed signs of diet-308 induced ER stress in liver and adipose tissue, this was significantly attenuated compared to HFD-309 fed wild-type mice, as established by significant lower levels of phosphorylated eIF2αSer 51 and 310 JNK phosphorylation/activation ( Fig. 4A and B found to differ significantly compared to wild-type mice ( Fig. 6B and C Transfection of Nck1 siRNA efficiently reduced Nck1 expression levels by more than 90% in 365
HepG2 cells, whereas expression of RasGAP, another SH2/SH3 domain-containing protein, was 366 not affected (Fig. 7A) . Lowering Nck1 expression did not alter either protein levels of IRE1α or 367 JNK, but drastically reduced IRE1α and JNK phosphorylation in response to 30 and 120 min 368 thapsigargin treatment (Fig. 7A and B) . Impaired activation of IRE1α in Nck1-depleted cells was 369 also consistent with lower levels of XBP-1 splicing following 30 and 60 min of thapsigargin 370 exposure (Fig. 7C) . These effects were observed in three independent Nck1 siRNA 371 oligonucleotides, indicating that this was unlikely to be due to non specific effects (data not 372 shown). Moreover, lowering Nck1 levels by siRNA in HepG2 cells seems to attenuate absolute 373 levels of thapsigargin-induced phosphorylation of IRS-1 at Ser 307 (Fig. 7D) . However, consistent 374 with our findings in liver of obese Nck1 -/-mice ( Fig. 5A) , total levels of IRS-1 protein increased 375 significantly in cells treated with Nck1 siRNA (Fig. 7D) HepG2 cells compared to control (Fig. 8B) . In contrast, insulin-induced tyrosine phosphorylation 395 of the insulin receptor was comparable in both siRNA-treated HepG2 cells (Fig. 8B) , ruling out 396 that change in insulin receptor activation is the cause of enhanced insulin signaling observed in 397 Nck1-depleted HepG2 cells. Confirming that IRS-1-dependent downstream signaling was 398 enhanced in Nck1 depleted cells, insulin-induced GSK-3β phosphorylation was increased in 399 Nck1 siRNA-treated cells compared to control cells (Fig. 8C) , and this correlates with higher 400 insulin-induced glycogen synthase activity in HepG2 cells depleted from Nck1 (Fig. 8D) . 401
Interestingly, insulin-induced GSK-3β phosphorylation in liver of Nck1 -/-mice appeared to be 402 enhanced compared to control littermate mice (Fig. 8E) 
